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Classical embryology experiments have indicated the existence of dorsal-type and ventral-type mesoderms that arise as a
consequence of mesoderm induction during vertebrate development. Here we report that the zebra®sh tbx6 gene, a member
of the Brachyury-related T-box family of genes, is exclusively expressed by ventral mesendoderm. Three observations link
the expression of tbx6 to ventral mesoderm speci®cation. First, the gene is initially expressed at the onset of gastrulation
within a ventrolateral subpopulation of cells that express the pan-mesodermal gene, no tail (Brachyury). Second, the
mesoderm-inducing factors activin and bFGF activate tbx6 expression in animal caps. Third, dorsalization of the mesendo-
dermal precursor population following exposure of embryos to lithium ions causes down-regulation of tbx6 transcription.
tbx6 is expressed transiently in the involuting derivatives of the ventral mesendoderm, which give rise to nonaxial mesoder-
mal tissues; its expression is extinguished as tissue differentiation progresses. Transcription of tbx6 commences about an
hour after initiation of expression of the pan-mesendodermal gene no tail and the organizer gene goosecoid. The dependence
of tbx6 expression on no tail activity was examined in no tail mutant embryos. The activation of tbx6 transcription in
ventral mesoderm does not depend on no tail gene activity. However, no tail appears to contribute to the maintenance of
normal levels of tbx6 transcription and may be required for tbx6 transcription in the developing tail. q 1997 Academic Press
INTRODUCTION dinating the cell movements and tissue differentiation
events that generate the body plan of the vertebrate embryo
(Spemann and Mangold, 1924). The cells that comprise theThough cell lineage studies performed in a wide variety
organizer can be recognized by their distinct behaviors dur-of vertebrate embryos have revealed that the precursor cells
ing gastrulation, by their ability to give rise to axial tissuesof speci®c tissues reside in distinct positions within the
such as notochord both in the embryo and when isolatedembryo at the onset of gastrulation (Dale and Slack, 1987a;
in culture, and by the distinct set of genes they expressKimmel et al., 1990; Lawson and Pedersen, 1992; reviewed
(Keller and Danilchik, 1988; Gerhart et al., 1991; De Rob-in Tam and Quinlan, 1996), it has been dif®cult to deter-
ertis et al., 1992; Beddington and Smith, 1993; Streit et al.,mine the actual complexity of cell identities present in the
1994; De Robertis, 1995). In contrast, far less is knownearly gastrula (Dale and Slack 1987b; Ho and Kimmel, 1993).
about the speci®cation and properties of the mesodermalIn the early embryo we know most about the determination
precursors that arise from lateral and ventral positions ofof the progenitors of the mesoderm, but few molecular
the fate map. In the absence of organizer tissue, these lattermarkers that identify stages of their differentiation have
cells appear to have a homogeneous ``ventral-type'' speci®-been described. Tissue explantation and recombination ex-
cation, giving rise only to blood and mesothelium (Dale andperiments performed in amphibian embryos have led to the
Slack, 1987b; Gerhart et al., 1989). Under the in¯uence ofidea that initially only two types of mesoderm, dorsal and
signaling from the organizer, the ventral cells become ``dor-ventral, are generated in response to maternally supplied
salized,'' developing the capacity to give rise to the interme-localized signals (Nieuwkoop, 1973; Gerhart et al., 1991;
diate forms of mesoderm found in the fate map, includingSmith, 1993; Slack, 1994). Subsequent intercellular signal-
somites and kidney. We do not know whether the initialing is thought to be responsible for diversi®cation of the
ventrolateral cell population is really homogeneous, nor ismesodermal precursor population (Smith et al., 1985; Dale
it clear how many domains of identity exist within thisand Slack, 1987b; Gerhart et al., 1991; Piccolo et al., 1996;
population prior to the overt differentiation of tissues.Zimmerman et al., 1996). Dorsal mesoderm cells, known
as organizer tissue, play a pivotal role in initiating and coor- One reason to suspect that previously unidenti®ed gene
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activities may distinguish domains of mesodermal speci®- the cells that normally contribute to nonaxial mesoderm.
Here we describe a potential regulatory gene that is ex-cation in the early gastrula comes from analysis of the
Brachyury gene. Brachyury has been studied extensively pressed throughout gastrulation speci®cally by mesodermal
precursors that originate in ventrolateral positions in thein a variety of vertebrates, where its orthologs have been
assigned species-speci®c names, including T in the mouse, early gastrula. The gene tbx6 (for T-box6) encodes a protein
with a domain related to the DNA-binding T-domain ofno tail in the zebra®sh, and Xbra in Xenopus (Herrmann
and Kispert, 1994; Herrmann, 1995a,b; Smith et al., 1995; Brachyury (Kispert and Herrmann, 1993; Bollag et al., 1994;
Kispert, 1995). Initially tbx6 is coexpressed with no tail inSchulte-Merker, 1995). Transcription of Brachyury is acti-
vated as an immediate early response to mesoderm induc- cells that reside at ventral and lateral positions in the early
gastrula. However, as these cells enter the hypoblast theytion (Smith et al., 1991) and occurs throughout the entire
mesendodermal precursor population (Wilkinson et al., maintain tbx6 expression in the absence of no tail activity.
Similar to no tail, tbx6 is expressed by intermediates in1990; Schulte-Merker et al., 1992; Smith et al., 1995).
Brachyury encodes a transcription factor (Kispert et al., mesoderm differentiation and its expression is absent from
terminally differentiated mesodermal derivatives. The ex-1995; Kispert, 1995), which when expressed in animal cap
cells of frog embryos can activate some aspects of meso- pression pattern of tbx6 reveals that nonaxial and axial me-
sodermal precursors have distinct patterns of gene expres-derm-speci®c gene expression (Cunliffe and Smith, 1992).
Nevertheless, despite its expression throughout the mesen- sion and may have distinct identities early in development.
doderm precursor population, analyses of the expression
and function of Brachyury indicate that the gene is not
required for all of mesodermal development. Among the MATERIALS AND METHODS
involuting mesodermal cells, Brachyury expression is main-
tained only in precursors of the notochord (Herrmann, Fish Stocks and Maintenance
1995b; Smith et al., 1995; Schulte-Merker, 1995), in which
Fish were maintained at 28.57C on a 14-h light/10-h dark cycle.transcription appears to depend on the presence of func-
Embryos were collected from pairwise matings, cultured in Eggtional Brachyury protein (Herrmann, 1991, 1995b; Schulte-
Water (Wester®eld, 1993), and staged by hours of development atMerker et al., 1994b). Analyses of the embryonic pheno-
28.57C (h) and by morphological criteria (Wester®eld, 1993; Kimmeltypes of T/T mutant mice and ntl/ntl mutant zebra®sh indi-
et al., 1995). Wild-type ®sh were laboratory-maintained stocks orig-
cate that Brachyury function is required for the normal inally obtained from Ekkwill, Inc. (Gibsonton, FL). Mutant embryos
gastrulation movements of mesodermal precursors in the were obtained from stocks generously supplied by Charles Kimmel
mouse (Wilson et al., 1993, 1995) and for the differentiation and the University of Oregon ®sh facility. Mutant lines included
of notochord in both types of embryos (Chesley, 1935; Halp- spadetail (sptb104) and no tail (ntlb160 or ntlb195).
ern et al., 1993). In addition, mutants exhibit defects in the
formation of trunk somites and a de®cit of posterior tissues.
Analysis of cDNA ClonesNotably, anterior mesodermal derivatives are spared in both
types of mutant embryos. Studies in zebra®sh have indi- A clone isolated from a zebra®sh gastrula-stage cDNA library
cated that the aberrantly formed trunk somites arise as a (Helde and Grunwald, 1993) was found by in situ hybridization to
secondary consequence of the absence of wild-type noto- harbor sequences that were expressed in the mesoderm of early
chord precursors (Halpern et al., 1993). In sum, although gastrulae. These DNA sequences were used to probe poly(dT)-
the requirement for Brachyury activity may be somewhat primed embryonic zebra®sh cDNA libraries generated from a mix
of 4- to 9-h or 10- to 16-h embryos, and multiple hybridizing clonesmore widespread in the mouse than in the zebra®sh (Bed-
were recovered. Each clone was either partially or entirely se-dington et al., 1992; Wilson et al., 1993, 1995), it appears
quenced using manual (Sequenase DNA sequencing kit, USB) orthat in both embryos the function of Brachyury in the noto-
automated methods (Taq Dye Primer Cycle sequencing kit, Appliedchord precursor population is different from its activity else-
Biosystems). All clones contained portions of the single open read-where in the mesoderm.
ing frame contained in clone 1N, the sequence of which is shown
The ®nding that Brachyury function is not essential for in Fig. 1A (GenBank Accession No. U80951). All clones but 1G
all aspects of mesoderm formation is consistent with the contained either of two 3* UTR sequences, differing only in the
idea that other regulatory genes may specify the fates of use of polyadenylation sites (Fig. 1A) such that one class included
speci®c regional domains of mesodermal precursors (Grif®n an extra 250 bp at the 3* terminus. In addition, the 3* UTR sequence
et al., 1995; Herrmann, 1995b). Indeed, soon after organizer- of clone 1G diverged from the others at position 1710 (Fig. 1A).
speci®c genes such as goosecoid are expressed in the dorsal
mesoderm of zebra®sh embryos, these cells appear to down-
RNA in Situ Hybridization Analysis andregulate no tail expression (Schulte-Merker et al., 1994a).
ImmunohistochemistryThus, the involuting cells that contribute to anterior chor-
damesoderm do not express Brachyury. Staged embryos were ®xed overnight at 47C in 4% paraformalde-
Few regulatory genes have been identi®ed as candidates hyde in sucrose ®x buffer (Wester®eld, 1993), rinsed in PBS, dehy-
that might be responsible for conferring distinct identities drated through a methanol series, and stored in absolute methanol
to the mesendodermal precursors that reside in the lateral at 0207C. RNA in situ hybridization was carried out as described
by Helde and Grunwald (1993) with the following changes: protein-and ventral positions in the gastrula. These precursors are
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ase K treatment was increased in duration for older embryos, prehy- 3.5 or 5% acrylamide gels that were subsequently dried and ex-
posed to X-ray ®lm.bridization was carried out for 24 h, and RNase treatment (7.5 mg/
ml RNase A) was performed for 15 min at 207C. Double RNA in
situ hybridizations were performed according to Hauptmann and
Gerster (1994) with similar modi®cations. Following in situ hybrid- RESULTSization, some embryos were processed for immunohistochemistry
as described in Stachel et al. (1993). For most studies, whole-mount
The Zebra®sh tbx6 Gene Is a Member of the T-boxpreparations of embryos were cleared in benzyl benzoate:benzyl
alcohol (2:1) or in 75% glycerol and photographed using an Olym- Gene Family
pus SZH dissecting microscope. In some cases, whole-mount
The tbx6 cDNA was isolated in a study aimed at identi-stained embryos were embedded in paraf®n and sectioned at 8 mm
fying genes whose expression patterns revealed domains ofthickness prior to analysis.
cells in the zebra®sh gastrula. By the pattern of its expres-
sion in early gastrulae as detected by in situ hybridization,
one cDNA sequence was determined to be expressed by aAnalysis of RNA
subpopulation of mesendodermal precursor cells. A series
RNA was isolated from whole embryos or animal caps using of partially overlapping gene sequences was isolated from
TRIzol reagent (GibcoBRL). For Northern analysis, 10 mg/lane of embryonic cDNA libraries. The longest of these cDNA
total RNA was separated by electrophoresis through a 20 mM
clones, 1N, appears to represent a full-length copy of theMops, pH 7.0/1.75 M formaldehyde/1% agarose gel. The RNA was
mRNA: ®rst, it is 2871 bp in length, in good accord withthen transferred and cross-linked to a membrane (Duralon, Stra-
the apparent size (2700 nt) of the predominant transcript oftagene). Blots were prehybridized overnight at 427C in 0.25 M
the embryo detected by Northern analysis (data not shown);NaHPO4, pH 7.2, 1 mM EDTA, 7% SDS, 40% formamide, 5%
second, 5* RACE of poly(A)-selected embryonic RNA indi-dextran and then hybridized for 36±48 h at 427C in the same solu-
tion containing 5 1 105 cpm/ml of probe. 32P-labeled probes were cated that virtually all of the 5* region of the endogenous
generated from puri®ed fragments representing partial cDNA se- mRNA is accounted for in the cDNA clone (data not
quences and were prepared using the Prime-it II kit (Stratagene). shown). Given the absence of an in-frame stop codon up-
Blots were washed (5 min at RT in 41 SSC; 20 min at 607C in 0.25 stream of the putative translational start site, there exists
M NaHPO4, pH 7.2, 1 mM EDTA, 2% SDS; and 60 min at 607C in a possibility that some 5* sequences may be missing in the
0.04 M NaHPO4 , pH 7.2, 1 mM EDTA, 1% SDS) and then exposed clone. Conceptual translation of the recovered sequenceto X-ray ®lm for 1±8 days.
(Fig. 1A) indicates that the gene potentially encodes a pro-Gene probes used in these studies include cytokeratin8 (B. Hug
tein of 473 amino acids, whose amino-terminal half isand D. J. Grunwald, unpublished), eve1 (Joly et al., 1993), goosecoid
closely related to the amino-terminal portion of the zebra-(Stachel et al., 1993), no tail (Schulte-Merker et al., 1992), and
®sh No Tail protein (Fig. 1B; Schulte-Merker et al., 1992).snail1 (Thisse et al., 1993).
Extensive similarity between the two proteins does not ex-
tend beyond the putative DNA binding domain (Fig. 1B;
Animal Cap Assay Kispert and Herrmann, 1993). Comparison of the T-domain
(de®ned as in Agulnik et al., 1995; Fig. 1A) of the protein
Animal caps were removed from the marginal region and yolk
encoded by the newly isolated zebra®sh gene with the avail-cell of 3.25- to 3.5-h embryos using a fragment of a razor blade
able sequences of the T-domains encoded by the mouse Tand cultured (10 caps/2.4 ml media in agarose-coated 35-mm
gene and each of the six identi®ed murine Brachyury-re-dishes) for 5 h at 28.57C in a simple salt solution (88 mM NaCl,
lated genes, Tbx1±Tbx6 (Bollag et al., 1994; Kispert, 1995;1 mM KCl, 0.7 mM CaCl2, 1 mM MgSO4, 2.5 mM NaHCO3, 5
Agulnik et al., 1996), indicates that the zebra®sh proteinmM Hepes, pH 7.8) supplemented with 11 chemically de®ned
lipid concentrate (GibcoBRL, Cat. No. 11905-031) and antibiotics shares 47±57% identity over this region and that the zebra-
(recipe via personal communication from C. Sagerstrom, Y. Grin- ®sh gene is most closely related to the Tbx6 gene of the
blat, and H. Sive). In some experiments, the medium was supple- mouse (data not shown; L. Silver, personal communication).
mented with activinA, a generous gift from W. Fischer and W. In addition to sequence similarities, the pattern of expres-
Vale (Salk Institute), or bFGF (Upstate Biotechnology Inc., Cat. sion of the zebra®sh gene throughout development closely
No. 01-106). RNA harvested from groups of 10 animal caps served
parallels that of mouse Tbx6 (Chapman et al., 1997). Weas template for the production of ®rst-strand cDNA using SU-
have thus designated the zebra®sh gene described here tbx6PERSCRIPT II RNase H0 reverse transcriptase according to the
since it appears to be the ortholog of the mouse Tbx6 gene.speci®cations of the supplier (GibcoBRL). One microliter of the
®rst-strand cDNA product (0.5 animal cap equivalent) was then
used as template in a PCR using a nucleotide mix supplemented
tbx6 Is Expressed by Ventrolateral Mesendodermalwith [32P]dCTP. Primers used to detect expressed sequences were
Precursors in the Zebra®sh Gastrula5*-CCGCTTCGCTTCCTTCATCG-3* (forward) and 5*-GAG-
CCTCGTAGACTGCCCAG-3* (reverse) for cytokeratin8, 5*-
Zebra®sh tbx6 is speci®cally expressed by the subpopula-ATCAGAATTCAATGTCTGCCTCAAGTCCC-3* (forward) and
tion of mesendodermal precursor cells in the gastrula that5*-ATCAAGGCCTGTTGTCAGTGCTGTGGTC-3* (reverse) for
gives rise to nonaxial mesodermal derivatives. At the begin-no tail, and 5*-GACAGCATATGAATCATTTGGCTAATAAC-
ning of gastrulation, the zebra®sh blastoderm is shaped like3* (forward) and 5*-GACAGCTCGAGCCTGCATCTCTTGGG-
TCC-3* (reverse) for tbx6. The PCR products were resolved on an inverted cup covering the animal pole of the yolk cell,
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FIG. 1. Sequence analysis of the tbx6 gene product. (A) The entire sequence contained in clone 1N, a presumed full-length cDNA clone of tbx6,
is presented. Conceptual translation begins at the ®rst available ATG codon. The boldly underlined 184-amino-acid sequence represents the
portion of the protein that is similar to the T-domain of No Tail and other Brachyury-related proteins (Agulnik et al., 1995). * indicates the ®rst
in-frame stop codon. Several independent cDNA isolates of tbx6 shared the entire 3* UTR with clone 1N, while others contained a shorter 3*
UTR that terminated at position 2595, just 19 bases downstream of the underlined AATAAA sequence. (B) Schematic comparison of the protein
products of the tbx6 and no tail genes indicating the amino acid regions that share identity (%). Amino acids 44±220 of No Tail and 43±226 of
Tbx constitute the T-domains of these proteins.
and the relative positions of the presumptive primordia of situ hybridization to reveal the distribution of tbx6 tran-
scripts. tbx6 is expressed initially by a continuous arc oftissues have been described in a fate map for this stage (Fig.
2A; Kimmel et al., 1990). As indicated by the fate map, all cells present at the margin of the blastoderm in the gastrula.
Simultaneous detection of tbx6 transcripts (purple staining)of the mesoderm arises as a circumferential belt of cells
present at the margin of the blastoderm in the early gastrula. and No Tail protein (brown nuclear staining) indicated that
the cells that express tbx6 are a subpopulation of the noFigures 2B and 2B* present two lateral views of early gastrula
embryos (60% epiboly, 7 h) that have been processed by in tail-expressing mesendodermal precursor population (Fig.
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FIG. 2. tbx6 is expressed by ventrolateral mesendodermal precursors in the early zebra®sh gastrula. (A) A simpli®ed fate map of the
early zebra®sh gastrula (Kimmel et al., 1990). At this stage the blastoderm is shaped as an inverted cup covering the animal pole of the
yolk cell (gold). Mesoderm and endoderm arise from involuting cells initially present at the blastoderm margin (purple). The remaining
cells give rise to ectoderm. Mesodermal tissues are formed from prospective tissue precursors that are organized in the following dorsal
(D) to ventral (V) order: notochord (noto.), somites (som.), pronephros (pron.), blood (blo.). (B and B*) Oblique lateral views (animal pole
up) of early gastrulae showing the distribution of tbx6 transcripts revealed by whole-mount in situ hybridization. tbx6 is expressed by a
continuous arc of cells at the margin of the blastoderm, corresponding to the mesendodermal precursors. The dorsal view in B* illustrates
the absence of the tbx6 expression in dorsal marginal cells. (C) A section through the margin of an embryo in which tbx6 transcripts
were detected by in situ hybridization (purple stain) and the No Tail protein was detected by immunohistochemistry (brown nuclear
stain) reveals coexpression of the two genes in marginal cells. (D) In situ hybridization to detect transcripts of both tbx6 and the dorsal-
speci®c gene goosecoid indicates that tbx6 is not expressed in the dorsal mesoderm. In this animal pole view of a midgastrula (7 h)
embryo, the recently involuted goosecoid-expressing cells (*) appear as a knot of stained cells at the center of the region devoid of tbx6
gene expression. (E) An animal pole view of an early gastrula (5.5 h) embryo showing the distribution of both tbx6 and goosecoid transcripts.
At the onset of gastrulation the domain of tbx6 expression (light blue arc) is continuous, and perhaps slightly overlapping, with the domain
of goosecoid expression (dark blue staining, *). (F, G) tbx6 expression is down-regulated in embryos dorsalized by exposure to lithium
ions. (F) A lateral view of tbx6 transcripts in a control early gastrula. (G) A lateral view of tbx6 transcripts in an early gastrula of an
embryo that had been exposed at the 32- to 64-cell stage to 0.3 M LiCl for 10 min.
2C). The approximately 907 arc of cells in the early gastrula the goosecoid-expressing cells converge toward the dorsal
midline and involute (Stachel et al., 1993; Schulte-Merkerthat do not express the gene reside on the dorsal side of the
embryo, as shown (Fig. 2D) in an animal pole view of a et al., 1994a), separating from the tbx6-expressing cells (Fig.
2D) so that at least three domains of mesodermal precursorsmidgastrula stage embryo that had been hybridized with
probes speci®c for both tbx6 and the organizer-speci®c gene can be identi®ed by virtue of the expression patterns of
goosecoid, no tail, and tbx6.goosecoid (Stachel et al., 1993).
The dynamic nature of the expression patterns of many To determine whether the domain of tbx6 expression
might be regulated by factors that establish the dorsoventralearly acting genes makes it dif®cult to place the initial do-
main of tbx6 expression precisely with respect to other gene polarity of the mesoderm, the normal polarity of this popu-
lation of cells was perturbed by exposure of early cleavagemarkers that indicate the dorsal±ventral polarity of the
mesoderm. Examination of the expression of tbx6 and the stage embryos to lithium ions, which causes many regions
of the margin to assume dorsal mesoderm characteristicsdorsal-speci®c gene goosecoid in 50% epiboly (5.5 h) em-
bryos (Fig. 2E) indicates that these genes are expressed in (Stachel et al., 1993). Under normal conditions of develop-
ment, tbx6 gene expression can be detected in all gastrulaadjoining and perhaps slightly overlapping domains of ex-
pression early in development. Thus, in the early gastrula, embryos as a continuous arc of stained cells at the margin
of the blastoderm (Fig. 2F). Following exposure of cleavageall marginal cells of the blastoderm express one of these
two genes in addition to no tail. As gastrulation proceeds, stage embryos to 0.3 M lithium chloride, treated embryos
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identities are established early in development and perhaps
independently; however, they do not make speci®c predic-
tions concerning the relative timing with which these do-
mains are established. To place tbx6 expression in the con-
text of other genes that are restricted to speci®c domains
at the onset of gastrulation, we examined by Northern anal-
ysis the expression of the no tail, goosecoid, snail1, eve1,
and tbx6 genes in a single series of developmentally staged
embryos (Fig. 4). The genes selected represent a substantial
fraction of the characterized zebra®sh genes that are ex-FIG. 3. tbx6 and no tail are transcribed in response to mesoderm
pressed within speci®c domains of the early gastrula em-induction. Animal caps, removed from 2000- to 4000-cell embryos,
were incubated for 5 hr in the absence (Control lane) or the presence bryo. Although in situ hybridization may be more sensitive
of activin or bFGF, provided at the indicated concentrations. RNA than Northern analysis, the latter permits a direct compari-
was harvested from groups of 10 caps and transcribed genes were son of the relative time of transcriptional activation of a
detected by RT-PCR. The ker8 (cytokeratin 8) gene is speci®c to variety of genes within an identical population of embryos.
the extraembryonic enveloping layer and serves as a control for the Expression of the pan-mesodermal no tail gene is an indi-
viability of the animal caps and the recovery of RNA.
cation of the timing of the response to mesoderm induction.
Under the conditions of this experiment, no tail RNA was
not detected during the ®rst 3.5 h, the pre-midblastula tran-
sition (MBT) period. no tail RNA was ®rst detected soon
display varying degrees of dorsalization at the onset of gas-
after the MBT, at 4.5 h, and its relative abundance in the
trulation (Stachel et al., 1993), and these embryos express
greatly diminished levels of tbx6 gene expression (Fig. 2G).
tbx6 Is Activated in Response to Mesoderm
Induction
To examine whether the expression of tbx6 in marginal
cells is likely to be related to a functional role in mesoder-
mal development, we tested the ability of mesoderm-induc-
ing factors to activate its expression ectopically. Animal
caps were removed from embryos at the 2000- to 4000-cell
stage, during the period when zygotic gene transcription is
®rst activated (Kane and Kimmel, 1993). Groups of 10 caps
were cultured in the absence or presence of growth factors,
and the expression of no tail or tbx6 was monitored by RT-
PCR (see Materials and Methods). As shown in Fig. 3, ani-
mal caps incubated in the absence of additional growth fac-
tors failed to express either gene, although they appeared
to maintain viability and expressed an enveloping layer-
speci®c gene, cytokeratin 8, at robust levels. In contrast,
FIG. 4. Northern analysis of the expression of dorsal- and ventral-both genes were transcribed after caps were exposed to ei-
speci®c genes at de®ned developmental time points. Each lane con-ther activin or basic FGF, factors known to elicit a meso-
tained RNA harvested from developmentally staged embryos (h,derm-induction response. In these preliminary studies, it
hours of development at 28.57C). Zygotic gene transcription beginsappeared that exposure to 2.5 ng/ml activin induced higher
around 3.5 h (Kane and Kimmel, 1993). Transcripts of the pan-levels of no tail or tbx6 expression than did exposure to 5 mesodermal gene no tail (2.5-kb transcript) and the organizer-spe-
ng/ml, a ®nding in accord with previous studies on the ci®c gene goosecoid (gsc; predominant transcript 1.4 kb) were ®rst
induction of Xbra in Xenopus (Green et al., 1992). We are detected at 4.5 h. Although snail1 RNA (1.9-kb transcript) is mater-
currently pursuing studies to clarify the dose±response rela- nally supplied, a burst of zygotic transcription, corresponding to
tion between mesoderm-inducing factors and the activation snail1 gene expression in dorsal mesoderm (Hammerschmidt and
Nusslein-Volhard, 1993; Thisse et al., 1993), was detected at 4.5 h.of tbx6 gene expression.
In contrast, transcripts of the ventrally restricted genes eve1 (1.4-
kb transcript) and tbx6 (predominant transcript 2.7 kb, additional
transcript 3.5 kb) were ®rst detected at 5.5 h. eve1, whose domainRelation of the Timing of tbx6 Expression to the
of expression includes marginal cells of the blastoderm, is main-Expression of Other Genes in the Early Gastrula
tained in noninvoluting cells of the epiblast. tbx6 is expressed by
The prevailing models of mesoderm induction (Smith et marginal cells and their involuting derivatives. A photograph of
al., 1985; Dale and Slack, 1987b; Kimelman et al., 1992; De the 18S ribosomal band of the ethidium bromide-stained Northern
gel is shown as a loading control.Robertis and Sasai, 1996) suggest that dorsal and ventral
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embryo increased over the next 3 h, during the ®rst half of gastrulation proceeds, tissue differentiation progresses in
a rostral to caudal manner. Hence, the expression patterngastrulation (5.5±7.5 h).
Dorsal-speci®c gene expression also appears to be acti- displayed by late gastrula embryos (Fig. 5A) is one indication
that only the undifferentiated mesodermal precursors con-vated shortly after the MBT. Although maternal goosecoid
and snail1 RNAs can be detected in the early zebra®sh em- tinue to express tbx6. At 15 h, when gastrulation is com-
plete and the tail has become the major site of morphogene-bryo, zygotic transcription of these genes is initially re-
stricted to the dorsal portion of the blastoderm margin (Sta- tic growth and tissue differentiation, tbx6 is expressed in
an arc of ventral tail tissue whose apex coincides with thechel et al., 1993; Hammerschmidt and Nusslein-Volhard,
1993; Thisse et al., 1993). Zygotic expression of both genes posterior tip of the tail (Figs. 5D and 6G). As recently dem-
onstrated in the Xenopus embryo (Gont et al., 1993), overwas clearly induced by 4.5 h. In contrast, transcripts of the
ventrolaterally expressed eve1 or tbx6 genes were detected the course of tail development chordamesoderm and neural
ectoderm extend progressively caudally into the undifferen-only at later times. eve1 is initially expressed as a 2707 arc
of cells along the ventrolateral margin of the blastoderm tiated region of the tail, which is derived from ventral mes-
endodermal precursors. Analyses of sectioned material of(Joly et al., 1993) in a pattern very similar to that of tbx6.
However, eve1 expression is restricted to the epiblast, developing tail tissue in 14- and 17-h zebra®sh embryos
revealed that tbx6 is expressed throughout the ventral cellswhereas tbx6 is expressed among involuting cells (see be-
low). eve1 RNA was not detected during the ®rst 4.5 h, of the most caudal zone and is restricted to lateral cells
in regions where axial mesoderm and neurectoderm haveconsistent with previous in situ hybridization studies (Joly
et al., 1993). Similarly, transcripts of tbx6 were ®rst de- extended into the tail (data not shown). Hence, only the
most developmentally immature nonaxial mesendodermaltected at 5.5 h, approximately 1 h after the onset of expres-
sion of no tail and the dorsal-speci®c genes examined here. cells of the tail express tbx6. The region of cells that express
tbx6 grows smaller as the tail differentiates (compare Figs.Thus, the currently known dorsally expressed genes appear
to be zygotically transcribed signi®cantly earlier than 5D±5F) until expression becomes undetectable.
The pattern of tbx6 expression in the hypoblast and theknown genes that are activated in ventrolateral domains of
the zebra®sh embryo. The correlation observed here may developing tail is consistent with the interpretation that
it marks an early stage in the differentiation of nonaxialre¯ect the independent timing with which each domain is
activated as a consequence of maternally supplied inductive mesodermal cells. Although nascent paraxial mesoderm ex-
pressed the tbx6 gene, tbx6 transcripts were not detectedsignals or may re¯ect a requirement for the accumulation
of zygotic gene products prior to the transcription of the in morphologically distinguishable somites. Similarly, tbx6
is expressed in the blood precursor population of the inter-eve1 and tbx6 genes.
mediate cell mass (Figs. 5E and 5F) and in the blood precur-
sors as they migrate ®rst rostrally (Fig. 5F) and then laterallytbx6 Is Expressed during Gastrulation by (Fig. 5G) over the yolk cell, but tbx6 transcripts were not
Involuting Nonaxial Precursor Cells detected in circulating blood. tbx6-expressing cells were not
observed in the regions of the intermediate cell mass or ofAs the blastoderm expands vegetally to cover the yolk
cell, and marginal cells become internalized during gastrula- the ventral medial trunk of spadetail mutant embryos (data
not shown), which are de®cient in blood (Kimmel et al.,tion, tbx6 continues to be expressed speci®cally by the non-
axial mesodermal precursor population. Figure 5 presents a 1989). Altogether, these observations indicate that tbx6 is
expressed in mesodermal precursor cells and its expressionleft side (A) and a dorsal view (A*) of the expression pattern
of tbx6 in a 95% epiboly embryoÐin the dorsal view of the is down-regulated during the course of mesodermal differen-
tiation. Because of the extensive expression of tbx6 amongembryo, the nonstaining domain of cells corresponds to the
presumptive notochord. As illustrated here, nondorsal cells mesodermal precursors and the paucity of criteria for dis-
cerning endodermal precursors, we have not yet been ableat the margin of the blastoderm continue to express the
gene late in gastrulation. In addition, tbx6 is expressed to determine unambiguously whether tbx6 is also expressed
in the endoderm.among cells that appear to be moving rostrally away from
the margin while converging toward the dorsal midline.
Transverse sections through a similarly staged and pro- Activation of tbx6 Expression Is Independent of Nocessed embryo (Fig. 5B) revealed that expression of tbx6
Tail Gene Activityrostral to the margin was restricted to the recently invo-
luted hypoblast cells, the precursors of the nonaxial meso- Two lines of evidence suggest the possibility that tbx6
expression is dependent on no tail gene function: (1) tbx6derm and possibly the endoderm. Within the hypoblast, the
dorsalmost extent of the domain of tbx6-expressing cells transcription is activated in cells that already express no
tail, and (2) Brachyury has been shown to regulate the ex-abuts the axial mesoderm, identi®ed by the expression of
the No Tail protein (Fig. 5C). Thus, tbx6 expression appears pression of some downstream mesoderm-speci®c genes
(Cunliffe and Smith, 1992). To examine this possibility, ex-to mark the entire population of cells that will form the
nonaxial mesoderm. pression of tbx6 was analyzed in embryos homozygous for
a null mutation in no tail and in their wild-type siblings.Only tissue precursor cells express tbx6; we have not
observed expression in fully differentiated cell types. As Embryos from matings between ntl// heterozygotes were
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FIG. 5. tbx6 expression is maintained in undifferentiated derivatives of the ventrolateral mesendodermal precursors. (A and A*) Lateral
(A, dorsal is right) and dorsal (A*) views of tbx6 expression in late gastrulae (95% epiboly, 9.5 h). During gastrulation, tbx6 continues to
be expressed at the margin of the blastoderm and is maintained in recently involuted cells as they move rostrally and converge dorsally
toward the developing chordamesoderm (*). (B) A transverse section through the axis (at the level indicated by the bar in A*) of a late
gastrula (95% epiboly) embryo indicates that tbx6 is speci®cally expressed in involuting hypoblast cells. The presumptive notochord
(*, dorsal) is to the right. (C) A dorsal view of the midaxial region of a two-somite (11 h) embryo in which tbx6-expressing cells (blue
staining) are identi®ed by in situ hybridization and No Tail protein-expressing cells (brown) are identi®ed by immunohistochemistry.
The domain of tbx6 expression lies immediately adjacent to the axial mesoderm identi®ed by its expression of the No Tail protein. (D)
A ventral view of a 15-h embryo shows that tbx6 is expressed in the region of the early developing tail as an arc of cells whose apex is
located at the posterior tip of the tail and whose wings extend anteriorly, bordering the axial mesoderm. A lateral view of a similar embryo
(Fig. 6G) shows that tbx6 expression is con®ned to the ventrolateral aspects of the developing tail at this stage. (E and F) Lateral views
of two approximately 24-h embryos show the changing expression of tbx6 in the developing tail and in the blood precursors. The embryo
in D is slightly younger than the embryo in E. As tail development proceeds, tbx6 expression becomes progressively restricted to smaller
domains at the posterior tip of the tail. In the 24-h embryo, tbx6 is also expressed in blood precursor cells that originate in the intermediate
cell mass (arrowhead) and that move rostrally along the ventral midline (arrow) prior to entering the circulation. (G) A dorsal view (anterior
to the top) of the midtrunk region of a 26-h embryo shows that blood precursor cells maintain expression of tbx6 as they move laterally
over the yolk cell to enter the circulation. Expression of tbx6 among circulating blood cells has not been detected.
FIG. 6. Expression of tbx6 in sibling wild-type and no tail embryos. Staged embryos from matings between no tail// heterozygotes were
processed to detect tbx6 transcripts (blue±black) by in situ hybridization. 6 and 9 h no tail mutant embryos were identi®ed following
immunohistochemical staining (brown) to detect the No Tail protein. At subsequent developmental stages, the no tail embryos could be
identi®ed unambiguously by morphological criteria. (A and B) Animal pole views of early gastrulae (6 h; * indicates dorsal) illustrate that
tbx6 is initially expressed normally in no tail mutant embryos. (C and D) Dorsal views (animal pole up) of late gastrulae (90% epiboly,
9 h) show that the overall pattern of tbx6 expression in the hypoblast is normal. (E and F) Soon after the tail bud stage (12 h, posterior
view), the domain of cells that express tbx6 and the extent of tbx6 expression appear diminished in no tail embryos. (G±J) As tail
development proceeds, tbx6 expression is dramatically down-regulated in no tail embryos. Only a small population of cells near the yolk
cell of mutant embryos continues to express tbx6 at 15 ±16 h. By 18 h, only cells in the region of the intermediate cell mass continue to
express the gene in mutant embryos.
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stained for expression of tbx6 transcripts by in situ hybrid- bFGF or activin to induce tbx6 transcription in isolated
animal caps, the expression of tbx6 is a component of theization. Mutant and wild-type progeny were distinguished
at early stages by antibody staining to detect the No Tail response to mesoderm induction. Restriction of tbx6 ex-
pression to ventral mesendoderm is indicated by its absenceprotein and at later stages by morphological examination
of the posterior portion of the axis. As illustrated in Figs. from organizer tissue in unperturbed embryos and its down-
regulation in embryos that have been dorsalized following6A and 6B, the initial pattern of tbx6 expression appears
normal in 6-h ntl mutant embryos and thus is established exposure to lithium ions.
During gastrulation, tbx6 appears to mark the presump-independently of no tail gene function. The overall pattern
of tbx6 expression continues to appear normal in mutant tive nonaxial mesoderm. Upon the down-regulation of no
tail in the dorsalmost goosecoid-expressing cells, the meso-embryos throughout gastrulation (Figs. 6C and 6D, 9-h em-
bryos) and into the tailbud stage. However, after the tail derm consists of at least three distinct domains of gene
expression, which appear to correlate with domains ofbegins to extend off the yolk cell, mutant embryos clearly
have fewer tbx6-expressing cells than their wild-type sib- mesodermal fate: a dorsalmost domain that expresses
goosecoid, a dorsal domain that expresses only no tail, andlings (Figs. 6E±6H, 12- and 15- to 16-h embryos). By 18 h
(Figs. 6I and 6J), tbx6 expression has been dramatically a ventral domain that expresses tbx6 and no tail. It is not
yet clear whether all of the ventral mesoderm of the gastruladown-regulated in the tail of mutants so that the only re-
maining staining in the tail region likely re¯ects the pres- expresses tbx6. In addition, it will be interesting to deter-
mine whether the no tail-expressing cells that do not ex-ence of the blood precursor cells. tbx6 transcripts have
never been detected in the tails of older mutant embryos press either goosecoid or tbx6 are the speci®c precursors of
the notochord.(data not shown). In sum, no tail gene function is not re-
quired for the establishment of tbx6 expression, but may tbx6 expression appears to be a characteristic of early
stages in the differentiation of ventral mesendoderm. tbx6contribute directly or indirectly to the maintenance of tbx6
expression. is expressed by cells of the nascent hypoblast, but not in
rostral regions of the hypoblast. Similarly, tbx6 transcripts
are found in undifferentiated regions of the mesendoderm
of the developing tail and in blood precursors that have notDISCUSSION
entered circulation, but transcripts are absent from mature
forms of these tissues. It is not yet clear what aspect oftbx6 Gene Expression as a Marker of Ventral-Type
tissue differentiation correlates with down-regulation ofMesoderm Speci®cation
tbx6 expression. In the nascent hypoblast, adaxial cells con-
tinue to express tbx6 (Fig. 5C) at a time when they alsoExperiments performed in amphibian embryos have sug-
gested that only two types of mesoderm are initially speci- express the tissue-speci®c gene markers MyoD (Weinberg
et al., 1996) and snail1 (Hammerschmidt and Nusslein-®ed in the vertebrate embryo, a dorsal type (organizer tissue)
and a ventral type (Dale and Slack, 1987b; Gerhart et al., Volhard, 1993; Thisse et al., 1993). In the case of blood
development, the period of tbx6 expression overlaps with1989). These experiments led to the notion that ventral
mesoderm is initially a homogeneous population and that the period in which lineage-restricted genes are expressed
(Detrich et al., 1995). Although we are unable to identifythe set of gene activities expressed by ventral mesoderm
becomes modi®ed in response to the in¯uence of dorsaliz- unambiguously all of the derivatives of the hypoblast cells
that initially express tbx6, given the broad distribution ofing signaling factors. Dorsalization of ventral mesoderm
would lead to the establishment of precursor populations tbx6 transcripts in late gastrulae (Fig. 5), it appears that
these cells give rise to many, if not all, nonaxial mesodermalspeci®c for many intermediate kinds of mesodermal tissue,
including somites, heart, and kidney (Smith et al., 1985; tissues. Further experiments will be required to determine
whether endodermal precursors of the hypoblast also main-Dale and Slack, 1987b). Whereas several mesoderm-speci®c
genes have been identi®ed whose expression patterns corre- tain tbx6 expression.
late with the establishment of organizer tissue, tbx6 is
unique in that its expression marks the putative ventral Potential Role of tbx6 in Posterior Mesodermmesoderm population. The expression pattern of tbx6 gives
Developmentsupport to the idea that such a uniformly speci®ed popula-
tion might exist. The ®nding that tbx6-related genes in ze- It seems possible that Brachyury and tbx6 play similar
but complementary roles in regulating the differentiationbra®sh, mouse, and chicken display strikingly similar de-
velopmental patterns of expression (Chapman et al., 1997; of trunk and posterior mesoderm. Previous studies have
prompted several investigators to predict the existence ofKnezevic et al., 1997) is consistent with an essential role for
tbx6 in the development of the ventral mesoderm precursor a gene whose expected characteristics appear to be met
by tbx6. First, Herrmann (1995b) has speculated that thepopulation.
tbx6 is expressed exclusively by ventral mesendodermal somitic defects seen in T Wis/T Wis homozygotes arise from
a dominant negative effect exerted by the T Wis product ontissue in the early gastrula. At the onset of gastrulation tbx6
is expressed by ventrolateral no tail-expressing cells at the a putative T-domain protein that normally contributes to
somite formation. Tbx6 is a candidate for a protein whosemargin of the blastoderm. As indicated by the ability of
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activity might be perturbed by expression of the T Wis prod- mesoderm identity. If maternally supplied inducing fac-
tors are suf®cient for both dorsal and ventral mesodermuct in ventral mesendodermal precursors. Second, Grif®n
et al. (1995) have suggested the existence of a yet uniden- speci®cation, then it seems likely that they operate with
independent timing. Another possibility is that the speci-ti®ed gene that is required for the development of non-
axial mesoderm in the trunk and that is dependent on ®cation of ventral mesoderm, including the transcription
of tbx6, is dependent on the zygotic transcription of genesFGF signaling. Their proposal was based on the observa-
tion that suppression of FGF signaling by the expression encoding modifying (competence) factors (Kimelman et
al., 1992; Moon and Christian, 1992). Hence, it may beof dominant negative FGF receptors leads to severe de®-
cits of mesoderm in Xenopus and zebra®sh (Amaya et al., relevant that secreted ventralizing factors, such as BMP4
(Koster et al., 1991; Jones et al., 1992; Dale et al., 1992),1991, 1993; Grif®n et al., 1995), which include but exceed
those observed in no tail and T mutants. Our studies indi- which are capable of modifying the character of meso-
derm formed in response to inductive factors (Dale et al.,cate that FGF signaling can lead to tbx6 transcription. It
will be interesting to determine whether tbx6 expression 1992; Graff et al., 1994; Suzuki et al., 1994; Schmidt et
al., 1995), are also transcribed with some delay after theis dependent on FGF signaling.
midblastula transition. The expression domain of bmp4
in the marginal zone of the Xenopus embryo (Fainsod etRelation of tbx6 and No Tail and Possible al., 1994; Schmidt et al., 1995) appears to be analogous
Interactions between the Genes to the domain in which zebra®sh tbx6 is activated. Simi-
lar to tbx6, these genes are activated early in gastrulation,One possible basis for the different functions of Brachyury
in axial and nonaxial mesodermal precursors could be that but later than the organizer-speci®c genes (Fainsod et al.,
1994). It seems possible either that the signals that triggerBrachyury interacts in some way with tbx6 in the ventrolat-
eral marginal cells. tbx6 encodes a protein whose amino-ter- ventral-speci®c gene expression act on both bmp4 and
tbx6 or that a set of zygotically transcribed ventral genes,minal half is closely related to the T-domain of No Tail, which
is necessary and suf®cient for site-speci®c DNA binding perhaps including bmp4, are responsible for the activa-
tion of tbx6 transcription (De Robertis and Sasai, 1996;(Kispert and Herrmann, 1993; Conlon et al., 1996). Moreover,
recent data (B. Hug, unpublished observations) indicate that Piccolo et al., 1996; Zimmerman et al., 1996). Experi-
ments are underway to distinguish these possibilities.in vitro synthesized Tbx6 protein is capable of binding DNA
sequences that are speci®cally recognized by No Tail (Kispert
and Herrmann, 1993).
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